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Heavy Minerals and Sedimentary Organic Matter in
Pleistocene and Cretaceous Sediments on Long
Island, New York, with Emphasis on Pyrite and
Marcasite in the Magothy Aquifer

by Craig J. Brown1, John Rakovanz, and Martin A.A. Schoonen®

ABSTRACT

Abundance and distribution of iron-bearing
and other heavy mineralsin sediments of Long
Island, N.Y., were examined to identify sources
and sinks of dissolved iron and other ground-
water constituents along adeep flow path from the
ground-water divide to the southern shore along
the Nassau-Suffolk County border. The occur-
rence and reactivity of many iron-bearing miner-
alsin the aquifer system are affected by terminal
€l ectron-accepting processes, which are a func-
tion of depth below land surface, distance from
the ground-water divide, and organic-matter con-
tent of the sediment. The lateral distribution of
heavy minerals within lithologic sedimentsis not
uniform throughout Long Island, or even along
the 30-kilometer study section at the Nassau-Suf-
folk County border. Mineralogy and mineral
abundance in Pleistocene units differ from those
in Cretaceous sediments, and some of the trends
vary with depth as well as from north to south.

Major heavy mineralsin the Cretaceous
sediments at the study sites include pyrite, marca-
site, muscovite, leucoxene, ilmenite, rutile, stau-
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rolite, chloritoid, and aluminosilicates (Al,SIO;);
those in the overlying Pleistocene deposits at one
siteinclude iron oxides, leucoxene, zircon, garnet,
ilmenite, aluminosilicates, and hornblende.
Pyrite, marcasite, garnet, hornblende, and tourma-
line were found locally in the Cretaceous sedi-
ments. Pyrite and marcasite were detected less
frequently in borehole samples from near the
ground-water divide, where the ground water is
generally oxic, than in those from near the south-
ern shore of Long Island, but were found in sul-
fate-reducing zones throughout the Magothy
aquifer. Glauconite was present in Cretaceous and
Pleistocene deposits, but only in the marine or
transitional units. The most abundant and poten-
tially reactive of the iron-bearing minerals found
were iron (hydr)oxides, leucoxene, glauconite,
chlorite, pyrite, and marcasite.

The presence and morphology of pyrite
and marcasite can be indicative of the microbial
and geochemical environments. Pyrite generally
was found in association with lignite or as
interstitial cement. Marcasite was found as
interstitial cement and is associated with the
oxidation of iron-sulfide minerals upgradient.
Pyrite crystals were octahedral, cubic, cubo-
octahedral, and framboidal, and many samples
showed more than one generation of crystal
growth. Marcasite cement, which consisted of
platey crystalsin most samples, probably forms
only under nonmarine conditions.
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INTRODUCTION

High concentrations of dissolvediron (> 0.5 mg/
L) in ground water contribute to the biofouling of
public-supply wells, for which treatment and
remediation is costly (Walter, 1997). The distribution
of iron-bearing minerals and other heavy minerals®
within an aquifer affects the concentrations of iron and
other dissolved constituents at any given location
along a ground-water flow path. The abundance and
reactivity of many heavy minerals are affected by
terminal electron-accepting processes (TEAPSs), which
are afunction of the depth below land surface, the
distance from the ground-water divide, and the
sedimentary organic matter (SOM) content of the
surrounding material. The predominant TEAPsin the
Magothy aquifer (the principal source of water supply
on Long Island, N.Y.) include microbially mediated
02 reduction, Fe(I11) reduction, and sulfate reduction
(Brown and others, 1999b). Iron hydr(oxides), for
example, are more stable in oxic zones of the aquifer
than in anoxic zones, and generally undergo reduction
through iron-reducing or sulfate-reducing TEAPs
(Lovley, 1987; Coleman and others, 1993).

The morphology and texture of iron-sulfide
minerals (pyrite and marcasite) also are affected by the
chemical composition of adjacent sediments and pore
water (Raiswell, 1982). For example, the various
textural phases of pyrite are the result of factors that
affect (1) the rate and magnitude of sulfate reduction
(such as sulfate availability, presence of sulfate-
reducing bacteria, and concentration of metabolizable
organic matter), and (2) the extent of iron sulfide
supersaturation (such as the sulfide concentration in
pore water and the availability of local reactive iron)
(Raiswell, 1982). The formation of framboidal® pyrite
probably requireslocal sourcesof reactiveiron that are
transported small distances by diffusion to zones of
sulfate reduction, whereas the formation of euhedral’
pyrite requires transport of iron from adjacent
horizons (Raiswell, 1982). Ground-water pH also
affects morphol ogy—jpore water with a pH below 5
would favor the precipitation of marcasite rather than
pyrite (Murowchick and Barnes, 1986), although a pH

SMineralswith a high density (> 2.7 g/cm3) that are separated
in the laboratory from minerals of lower density by means of
heavy liquids, such as bromoform.

5Aggregates of tiny spherical particles.

Crystals completely bounded by regularly developed crystal
faces.

below 3 could impede microbia processes that affect
iron and sulfur transformation (Chapelle, 1993).

| dentification of the geochemical reactions that
affect the dissolved iron concentrations in the Long
Island aguifer system requires study of the reactive
minerals and the organic carbon content of the
sediments. The low dissolved-solids concentration of
Long Island ground water reflects the paucity of
reactive mineralsin the sedimentsthat form the major
aquifers (Pearson and Friedman, 1970). These
sediments consist mostly of quartz sand, and the
heavy-mineral component generally constitutes less
than afew percent by weight. Iron, which is one of
the most reactive dissolved constituents of Long
Island ground water (Brown and Schoonen, 1994), is
derived from (1) iron coatings on sediment grains, (2)
the heavy-mineral fraction of sediment grains, and
(3) oxidation of authigenic iron-sulfide minerals
(Brown and others, 1999a). Iron-sulfide minerals
(pyrite and marcasite) form in sulfate-reducing zones
of the Magothy aquifer, but are oxidized as lignite
becomes depleted by weathering, and redox
conditions become oxic (Brown and others, 1999a).
The heavy mineralsin the sediments on Long Island
are derived mainly from weathered crystalline and
metamorphic rocks of New York and New England
(Perlmutter and Todd, 1965) but also include
authigenic minerals such as pyrite, marcasite, and
glauconite (Brown and others, 1998).

The abundance of heavy minerals and
sedimentary organic carbon in Long Island sediments
has been studied by several workers (see “Previous
Studies” section), but the spatial distribution of these
minerals has not been examined in detail. This
information is needed for geochemical modeling and
the study of iron geochemistry along ground-water
flow paths.

In 1994, the U.S. Geological Survey (USGS), in
cooperation with the Suffolk County Water Authority
(SCWA), began a study of iron geochemistry and
chemical evolution of ground water along a flow path
from the ground-water divide near the Nassau-Suffolk
County border to the southern shore (fig. 1). Theinitia
phase of the study included delineation of heavy-
minerals distribution in the upper Cretaceous deposits,
including the Magothy aquifer, and in the saturated
part of the overlying Pleistocene deposits (upper
glacial aquifer). Heavy minerals from core samples
collected near the ground-water divide (the area of
Magothy recharge) were studied and compared with
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mineralogical data from previous studies elsewherein
Nassau and Suffolk Counties to help define the
geochemical reactions along the flow path (fig. 2). An
analysis of iron-sulfide minerals and SOM content of
the aquifer material obtained from six Magothy
borehol es during the SCWA drilling program was
included in this study.

Purpose and Scope

This report describes the general abundance and
distribution of iron-bearing minerals and other heavy
mineralsin the Pleistocene and upper Cretaceous
deposits along the Nassau-Suffolk County border

about 1 km south of the ground-water divide, and
compares these with data from sites farther along the
flow path, and from other Long Island studies. It also
describes the abundance and distribution of SOM in
cores at borehole S79407T (on the barrier island), and
the distribution and morphology of iron-sulfide
mineralsin sediments from SCWA borehole sites
across Suffolk County (figs. 1 and 2).

Previous Heavy-Mineral Studies
Several hydrologic studies on Long Island have

included mineralogical analyses. Suter and others
(1949) listed the major- and trace-mineral constituents

Gardiner® Bay

- 74° Long Island Sound
i A peconic B *5C
NASSAU \\ *vio
COUNTY SUFFOLK NEW YORK
N 29776 COUNTY
N 33558 4 elO ®
A QUEENS/ * AD y 18480
\COUNTY 37 outh B2 18729
[ oat 18528 0 5 1015 KILOMETERS  map area
KINGS ) 79407 G°7 o317
COUNTY ) 3 %1090 " 0 5 10MILES
= A ATLANTIC OCF ,
Barrier Islands -+ 40° 30
72°

Modified base from New York State Department of Transportation, 1:24,000

SC = Scuttlehole Rd.

EXPLANATION
29776 * Borehole site studied (prefix S for Suffolk County and N for Nassau County is omitted)
SCWA boreholes:
LA = Landscape Dr. AD =Adams Ave.
LO = Locust Dr. MA = Margin Dr.
MO = Moriches-Riverhead Rd.
19317 o Borehole site studied by Perlmutter and Todd (1965)

P * Borehole sites studied by Aronson and others (1983)

79407
A

Borehole site studied by Brenda Sirois and others (U.S. Geological Survey, written commun., 1986)

Approximate location of ground-water divide

A A Trace of vertical hydrogeologic section (depicted in fig. 2)

Ground-water flow path

T~

Figure 1. Locations of the borehole sites and line of section A-A” along Nassau-Suffolk County border, Long

Island, N.Y. (Section A-A" is depicted in fig. 2.)
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New York State Department of Environmental Conservation. Depth of borehole is equal to total
depth drilled. The “T” designation indicates a temporary well (borehole).

* borehole on the barrier island to the east and projected onto line of vertical section.

Figure 2. Hydrogeologic section A-A” along Nassau-Suffolk County border, N.Y., showing projections of nearby
boreholes studied in this report. (Modified from Smolensky and others, 1989, sheet 1.) (Location is shown in fig. 1.)

in the Cretaceous and Pleistocene deposits. Faust
(1963) found that the Pleistocene outwash sand in
central Suffolk County contains greater quantities, and
agreater variety, of heavy mineras, rock fragments,
akali feldspars, and hornblende than the upper
Cretaceous deposits, which have alow detrital heavy-
mineral content but contain lignite and pyrite.
Perlmutter and Todd (1965) found that upper
Cretaceous sand in southern Suffolk County contained
the full suite of heavy mineralsthat is generally
characteristic of the marine Cretaceous beds of
Maryland, Delaware, and New Jersey; a“full suite”
includes epidote, pyrite, ilmenite, garnet, zircon,
sillimanite, staurolite, chloritoid, chlorite, muscovite,
tourmaline, and glauconite (Groot and Glass, 1960).
Brenda Sirois and others (U.S. Geological Survey,
written commun., 1986) reported similar heavy-
mineral occurrencesin core samples from borehole
S79407T on the barrier island (fig. 1).

Aronson and others (1983), in a geohydrologic
study that included analysis of the textural

characteristics and heavy-mineral content in the upper
glacial (Pleistocene) and Magothy (upper Cretaceous)
aguifers, observed that (1) andalusite was present in
Magothy deposits but absent from upper glacia
deposits, whereas hornblende and clinozoisite were
common in upper glacial deposits but absent from
Magothy deposits; and (2) zircon, sillimanite, rutile,
kyanite, garnet, and tremolite were present in
considerably greater quantities in the upper glacial
aquifer than in the Magothy aquifer. Foord and others
(1970) used heavy-mineral, clay-mineral, and grain-
size characteristics of cores from several deep
boreholesin north-central Long Island to distinguish
severa units of upper Cretaceous and Pleistocene age.
They found that the mostly honmarine upper
Cretaceous sediments were marked by alimited
heavy-mineral suite and alack of secondary minerals,
such as glauconite. Liebling and Scherp (1975)
reported a zone with abundant chlorite overlying the
nonmarine Raritan Formation (Cretaceous). Brenda
Sirois and others (written commun., 1986) found
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similar abundances of chloritein the coresat S79407T,
as did Faust (1963) in upper Cretaceous samples from
central Suffolk County.

Groot and Glass (1960), in a study of New
Jersey coastal-plain sediments (Cretaceous and
Cenozoic), observed two heavy-minera suites—a full
suite (as listed above) consisting of avariety of
igneous and metamorphic minerals in marine
sediments, and a limited suite characterized by highly
stable minerals (tourmaline, zircon, rutile, and
staurolite) in nonmarine sediments. Dryden and
Dryden (1956) found that the limited suitein the
nonmarine sediments did not contain garnet, epidote,
chloritoid, or hornblende. Dryden and Dryden (1946),
in acomparison of heavy-mineral-weathering ratesin
source rocks of Lower Cretaceous sedimentsin
Maryland, found zircon, tourmaline, and sillimanite to
be much more resistant than kyanite, hornblende,
staurolite, and garnet. Owens and others (1960)
showed through x-ray-diffraction analysis that
“ilmenite” from the Miocene and Post-Miocene
formations near Trenton, N.J., 55 km southwest of the
study area, is amixture of ilmenite and ferric and
titanium oxides.

Brenda Sirois and others (written commun.,
1986) examined several samples of cores for heavy
minerals and SOM extending to a depth of 358 min
borehole S79407T (fig. 1) near the southern shore, and
Perlmutter and Todd (1965) examined cores from
several boreholes along the southern shore of Long
Island. Brown and others (1999a) studied iron
coatings, SOM content, and pyrite and marcasitein
Magothy sediments on Long Island.

Study Methods

Cores for mineralogical analysis were obtained
by borehole sampling. Laboratory procedures entailed
(1) grain-size analysis, (2) heavy-mineral separation,
and (3) mineralogical analysis.

Borehole Sampling

Split-spoon core samples used for the heavy-
minerals analyses were collected during both previous
studies and the present study. Boreholes were drilled
by the reverse-rotary method, with the exception of
S91090T, which was drilled by the cable-tool method.
Previoudly collected core samplesincluded six from
Pleistocene (upper glacial) to upper Cretaceous (basal

Magothy) units from boreholes S29776T (Soren,
1971) and N3355T (N.M. Perlmutter and N.J.
Lusczynski, U.S. Geological Survey, written
commun., 1951) near the ground-water divide; one
basal Magothy core from N7377T (midway along the
flow path), and one cable-tool-bailer sample
(Pleistocene) from S91090T (Scorcaand others, 1995)
on the barrier island (fig. 1). The altitudes,

hydrogeol ogic units, and method of analysis for each
sample are listed in table 1. The S79407T borehole
was drilled by New York State Department of
Environmental Conservation, and core samples were
analyzed by Brenda Sirois and others (written
commun., 1986). The split-spoon cores and drill-
cuttings samples used for identification of organic-
carbon content and iron-sulfide-mineral morphol ogy
were obtained from Magothy sediments from the six
SCWA boreholes (fig. 1) by areverse-rotary drill rig.
During reverse-rotary drilling, large pieces of lignite
or sand cemented with marcasite or pyrite were broken
up by pulling the drill bit up several meters above the
bottom of the hole and allowing the drill string to
drop; fragments of the material were then removed by
the circulated drilling fluids. Several cores from four
of the boreholes were selected for analysis and were
designated as AD1 through AD5 (Adams Avenue),
LA1 through LA3 (Landscape Drive), LO1 through
LO6 (Locust Drive), and MA1 through MA4 (Margin
Drive) (table 1). A gammalog for these boreholes with
alithologic description and depth profile of organic
carbon, total sulfur, and iron coatings in sediments,
and of dissolved iron, sulfate, and dissolved organic
carbon (DOC) concentrations in pore water, are given
in Brown and others (1999a). Iron-sulfide mineral
samples were collected from MO1 and MO2 at site
MO (Moriches-Riverhead Rd.) and from an unknown
atitude in the Magothy aquifer at site SC (Scuttlehole
Rd.) (fig. 1).

Laboratory Analyses

Split-spoon core samples were analyzed for
heavy minerals by the following procedures: A
subsample of each core samplewas disaggregated, and
grain coatings were removed by sonic treatment in a
10-percent sodium bicarbonate solution according to
the method of Cremeens and others (1987). Each
sample was separated by mechanical sievesinto five
grain-size fractions, including material greater than
2 mm (granules and pebbles), 0.5 mm to 2 mm (coarse
and very coarse sand), 0.125 to 0.5 mm (medium
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sand), 0.00625 to 0.125 mm (very fine and fine sand),
and less than 0.0625 mm (silt and clay). The silt and
clay fractions were not analyzed in these cores, but
results from a previous study of silt and clay
mineralogy (Lonnie, 1982) are discussed further on.
Heavy minerals (minerals with density > 2.75 g/cmd)
were separated from each fraction with heavy
liquids. Mineralogy of heavy-mineral fractions was
determined through element analysis with Energy
Dispersive Spectroscopy (EDS) on an electron
microprobe analyzer; results are presented in
Brown (1998).

Iron-sulfide minerals obtained from the six
SCWA boreholes were identified by powder x-ray
diffraction on a Scintag diffractometer. Scanning
electron microscopy (SEM) was used to identify
crystal morphology. X-ray maps of major elementsin
sediments were produced through wavelength-
dispersive spectrometry (WDS) with a microprobe
analyzer to delineate the element distribution and
relations among iron-bearing minerals. Percentages of
carbon forms and total sulfur in sediments were
measured by combustion (Arbogast, 1996).

GEOLOGIC FRAMEWORK OF
LONG ISLAND

Long Island consists of a sequence of upper
Cretaceous, Pleistocene, and Holocene sediments that
were deposited on a southeastward dipping Paleozoic
and Precambrian bedrock surface (fig. 2). The deposits
thicken toward the southeast and reach a maximum
thickness of more than 610 m in southeastern Long
Island (Smolensky and others, 1989).

Upper Cretaceous deposits include the LIoyd
Sand Member (Lloyd aquifer) and the clay member of
the Raritan Formation (Raritan confining unit), which
are unconformably overlain by the Matawan Group
and Magothy Formation (Magothy aquifer),
undifferentiated (Smolensky and others, 1989). Along
the southern shore of Long Island, the Matawan Group
and Magothy Formation, undifferentiated, are
unconformably overlain by the Monmouth Group
(Monmouth greensand). Cretaceous sands on Long
Island generally consist of chemically stable minerals
or the highly atered equivalents of less stable
minerals; in addition to angular quartz grains, they
also contain tourmaline, rutile, zircon, kaolinite,
kaolinized muscovite, weathered chert grains, and
pyrite or marcasite associated with lignite (Suter and

others, 1949). The sediments that make up both the
Raritan Formation and the Matawan Group and
Magothy Formation, undifferentiated, were probably
deposited in an environment that was dominated by
streams and coel escing deltas (Buxton and others,
1981). The Matawan Group and Magothy Formation
generaly are considered to have been deposited in a
nonmarine or transitional depositional environment;
however, trace amounts of glauconite throughout
Magothy aguifer sediments near the southern shore of
southcentral Suffolk County indicate a transitional-to-
marine depositional environment (Brown, 1998). The
Monmouth Group, amarine deposit, typically consists
of greenish-black glauconitic and lignitic clay, silt,
and clayey to silty sand (Jensen and Soren, 1971).
Upper Cretaceous marine clays of Long Island are
primarily illite and montmorillonite with variable
amounts of chlorite, glauconite, kaolinite, and mixed-
layer clays, whereas upper Cretaceous nonmarine
clays are primarily kaolinite with variable amounts of
illite (Lonnie, 1982). Glauconite was found in
Magothy sediments locally (Brown, 1998).
Experimental work indicates that, at low temperatures
and pressures, acid conditions favor kaolinite
formation, whereas akaline conditions promote the
formation of smectites, or mica, if sufficient
potassium is present (Deer and others, 1978). The
upper surface of Cretaceous depositsin western
Suffolk County ranges from more than 91 m above sea
level near the approximate location of the ground-
water divide (fig. 2), in an areaknown as the high
Cretaceous terrace (Suter and others, 1949), to 30 m
below sealevel at the southern shore.

The Cretaceous depositsin the southern part of
the island are unconformably overlain by the
Gardiners Clay (an interglacial unit). North of this
unit, they are unconformably overlain by deposits of
Pleistocene age (upper glacial aquifer) (fig. 2). The
Gardiners Clay isadark-gray or greenish-gray silty
clay or fine sand that may contain woody material,
diatoms, foraminifera, and shell fragments
(pelecypods) (Doriski and Wilde-Katz, 1983). The
mineral assemblage of the Gardiners Clay commonly
contains biotite, chlorite, glauconite, hornblende,
muscovite, and quartz (Perlmutter and Todd, 1965)
and a complete clay-mineral suite of illite, chlorite,
mixed-layer clays, and minor kaolinite (Lonnie,
1982). Pleistocene marine clays, including the
Gardiners, areillitic with variable amounts of chlorite,
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Table 1. Altitude, hydrogeologic unit, and type of analysis performed on borehole samples from Nassau and

Suffolk Counties, Long Island, N.Y.
[Altitudes are in meters above or below (-) sealevel. Locations are shown in fig. 1]

Type of analysis

Borehole
site or Heavy Organic Iron-sulfide mineral
Site identifier sample Altitude Hydrogeologic unit minerals carbon morphology
N3355T................ N1 32.8 Upper glacial aquifer X
N1B -82.0 Magothy aquifer X
S29776T ... S1 14.3 Magothy aquifer X
S2 -4.3 Magothy aquifer X
S3 -53.3 Magothy aquifer X
A -83.5 Magothy aquifer X
S5 -163.1 Magothy aquifer X
N7377T .. N2 -164.9 Magothy aquifer X
S79407TY .. 1 12.87 Upper glacial X X
2 -18.97 Gardiners clay X X
3 -25.1 Magothy aquifer X X
4 -25.2 Magothy aquifer X
5 -25.37 Magothy aquifer X X
6 -34.5 Magothy aquifer X X
7 -53.4 Magothy aquifer X X
8 -70.49 Magothy aquifer X X
10 -91.8 Magothy aquifer X X
11 -176.6 Magothy aquifer X X
12 -217.7 Magothy aquifer X X
13 -251.6 Magothy aquifer X X
14 -294.3 Raritan confining unit X X
15 -304.3 Raritan confining unit X X
16 -316.5 Raritan confining unit X X
17 -338.5 Raritan confining unit X X
18 -344.6 Raritan confining unit X X
19 -350.7 Raritan confining unit X X
20 -356.2 Lloyd aquifer X X
S91090T ... .ot S6 -23.7 Gardiners clay X
Adams Ave. (S109640T). . . AD1 -118.7 Magothy aquifer X X
AD2 -124.8 Magothy aquifer X
AD3 -130.9 Magothy aquifer
ADA4 -134.0 Magothy aquifer X X
AD5 -137.0 Magothy aquifer X X
Landscape Dr. (S109750T). LAl -146.9 Magothy aquifer X X
LA2 -174.2 Magothy aquifer X
LA3 -177.4 Magothy aquifer X
LocustDr............... LO1 -145.0 Magothy aquifer X X
LO2 -148.0 Magothy aquifer X
LO3 -152.0 Magothy aquifer X
LO4 -158.0 Magothy aquifer X X
Margin Dr. (§109249T) ... MA1l -142.4 Magothy aquifer X X
MA2 -1729 Magothy aquifer X
MA3 -175.9 Magothy aquifer X X
MA4 -179.0 Magothy aquifer X
Moriches-Riverhead Rd.... MO1 -120 Magothy aquifer X
(S109074T) MO2 -197 Magothy aquifer X

Icollected and analyzed by Brenda Sirois and others, U.S. Geologica Survey, written commun., 1986.
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kaolinite, montmorillonite, and mixed-layer clays
(Lonnie, 1982).

Upper Pleistocene deposits (upper glacial
aquifer) are characterized mainly by clean, coarse sand
but also contain sandy clay, clay, and fine sand; they
may also contain the same minerals as the Cretaceous
sediments but have a greater variety and abundance of
heavy minerals such as amphibole, pyroxene, fresh
muscovite, biotite, and chlorite, as well as rock
fragments and unweathered feldspar (Suter and others,
1949). Pleistocene depositsin central Suffolk County
typically contain rock fragments of chlorite schist
(Faust, 1963). In general, upper glacia (Pleistocene)
sands are coarser grained and contain asmaller silt and
clay fraction than Magothy (Cretaceous) sands.
Aronson and others (1983) found that Magothy
aquifer sandsin central Nassau County have a higher
degree of sorting and a considerably smaller mean
diameter than upper glacial sands. The upper glacial
aquifer containsinterstadial (nonglacial periodsduring
Wisconsinan glaciation) clay units, including the “ 20-
foot” clay (not shown in fig. 2), in the southern part of
the study area (Doriski and Wilde-Katz, 1983), and the
Smithtown clay (Krulikas and Koszalka, 1983), farther
to the east (not showninfig. 2). The“20-foot” clay has
amineral and fossil assemblage similar to that of the
Gardiners Clay (Doriski and Wilde-Katz, 1983).

HEAVY MINERALS AND SEDIMENTARY
ORGANIC MATTER

Core samples from boreholes at sites S29776T
and N7377T, near the ground-water divide (fig. 1),
were analyzed for heavy minerals; results were
compared with data from previous studies to the
south—at S79407T (Brenda Sirois and others, written
commun., 1986) and several boreholes elsawherein
southern Suffolk County (Perlmutter and Todd, 1965).
The sites of Brenda Sirois and others (written
commun., 1986) and Perlmutter and Todd (1965) are
collectively referred to herein as “ southern-shore”
sites unless discussed specifically. The following
discussion includes data from other studies for
comparison of spatial trends and of distribution of
heavy minerals, SOM, iron, and sulfur among specific
geologic units.

The most abundant mineral in upper glacial and
Magothy sand is quartz, which typically constitutes at
least 90 percent of the fine-to-coarse fraction; the
heavy-mineral fraction generally constitutes less than

5 percent. Muscovite is more abundant in upper
Cretaceous sand than in Pleistocene sand. The most
commonly observed heavy minerals from boreholes
near the ground-water divide (S29776T and N3355T,
fig. 1) arelisted in table 2A; the most abundant heavy
minerals from boreholes along the southern shore
(Brenda Sirois and others, written commun., 1986;
Perlmutter and Todd, 1965) are listed in table 2B.
SOM in Cretaceous deposits generally consists of
lignite, which is found mostly as laminae or thin beds
(fig. 3A) or as pieces of wood (figs. 3B, and 3C) in
clay-and-silt beds, but also is disseminated in sands.
Lignite diameter ranges from silt or clay size (< 0.062
mm) to > 200 mm.

Vertical Variations

The abundance of heavy mineralsin sand
fractions and SOM of core samplesis somewhat
dependent on the geologic unit and, therefore, the
depth. The relative abundances of heavy minerals
differ from unit to unit (table 2). These differences are
probably afunction of the extent of rock weathering
(both mechanical and chemical) aswell asthe
depositional environment. For example, Cretaceous
sand has probably undergone more weathering and
contains a smaller variety of heavy minerals than has
Pleistocene sand (Faust, 1963). Thisdifference may be
smaller in poorly permeable units than in sand because
the lower rates of ground-water flow would retard
weathering. The depositional environment also can be
important; for example, the Gardiners Clay and
Monmouth greensand were deposited in a marine
environment and contain abundant glauconite, a
mineral typically absent in nonmarine sediments.
Siderite was observed in an isolated core sample from
the Raritan clay at borehole S79407T (Brenda Sirois
and others, written commun., 1986), although most
Long Island sediments contain no carbonate and
contain ground water of low to moderate pH (5to 7).

Several heavy-mineral differences between
Pleistocene and Cretaceous sediments are evident at
Sites S29776T and N3355T, both at the Nassau-
Suffolk County border (fig. 1). Relatively unstable
mineras, including iron oxides, garnet, and rock
fragments, are common in the Pleistocene sediments
and less abundant or absent in Cretaceous sediments,
whereas muscovite, which is generally considered to
be stable, is more abundant in Cretaceous sediments
than in Pleistocene sediments. Chloritoid and
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Table 2. Most abundant heavy minerals (each less than 1 percent of heavy-mineral suite) in sand-size
(0.0625-millimeter to 2-millimeter diameter) fractions of borehole cores from Suffolk and eastern Nassau

Counties, Long Island, N.Y.

[Southern-shore data from Brenda Sirois and others (U.S. Geologica Survey, written commun., 1986) and
PerImutter and Todd (1965). NA, not analyzed. Locations shown in fig. 1].

A. Boreholes S29776T and N3355T

Series near ground-water divide B. Boreholes along southern shore
W Upper glacial aquifer
L . . Hornblende, ilmenite, zircon, garnet, staurolite, kyanite,
S Upper glacial aquifer S iron oxides, tourmaline, rock f%agments
= Iron oxides, leucoxene, garnet (almandine), ilmenite,
% aluminosilicates, zircon GardinersClay
T Glauconite, hornblende, ilmenite, |eucoxene, zircon,

garnet, staurolite, epidote, tourmaline, pyrite/marcasite

Magothy aquifer
Muscovite, leucoxene, pyrite, ilmenite, rutile,
staurolite, chloritoid, aluminosilicates, chlorite,
zircon

Raritan confining unit
NA

CRETACEOUS

Lloyd aquifer
NA

Monmouth greensand

IImenite, leucoxene, muscovite, glauconite, zircon, pyrite,
staurolite, garnet, tourmaline, silTimanite, epidote, chlorite

Magothy aquifer
Ilmenite/leucoxene, muscovite, hornblende, pyrite,

marcasite, garnet, tourmaline, chlorite, staurolite, epidote,
zircon, sillimanite

Raritan confining unit

Hornblende, staurolite, tourmaline, kyanite, muscovite,
garnet, ilmenite/leucoxene, chlorite

Lloyd aquifer

Ilmenite/leucoxene, hornblende, staurolite, muscovite,
tourmaline

staurolite were also observed in Cretaceous sediments
but not in Pleistocene sediments.

Heavy-mineral prevalence at the southern shore
changes with depth. Pyrite or marcasite is generally
present (and locally abundant) in Cretaceous
sediments but is absent in Pleistocene sediments.
Muscovite and chlorite are more abundant in
Cretaceous sediments than in Pleistocene sediments,
and, at borehole S79407T, tourmaline and staurolite
are more abundant in Cretaceous sediments than in
Pleistocene sediments. Biotiteisrare or absent in the
sediments of both ages at al sites. The presence of
glauconite in the Monmouth greensand (Cretaceous)
and the Gardiners Clay (Pleistocene) reflects the
marine depositional environment of these units.

SOM content generaly islow in Pleistocene
deposits on Long Island but can be high in Cretaceous
deposits (Brown and others, 1999a). SOM in
Cretaceous deposits of Long Island generally isin the
form of lignite; it affects the redox environment and
the microbial communities as well as the distribution
of iron oxide and iron-sulfide minerals (Brown and
others, 1999a). The organic carbon content of cores
from the borehole at site S79407 generally
correspondsto the silt and clay content (fig. 4A) and
the total sulfur content (fig. 4B). Plots of the log-

transformed dataindicate that the silt and clay content
shows alinear trend with the organic-carbon content
(r? = 0.31; fig. 4C) and the total sulfur content showsa
linear trend with the organic-carbon content (r2 =0.72;
fig. 4D). This suggests that both SOM and sulfur in the
form of iron-sulfide minerals are associated with silt
and clay lenses. The vertical distribution of pyrite and
marcasite at the four SCWA borehole sitesis discussed
further in the section “ Distribution and Morphology of
Pyrite and Marcasite.”

Lateral Variations

The lateral distribution of heavy minerals and
SOM within lithologic unitsis not uniform throughout
Long Island. For example, little or no hornblende was
found in Magothy aquifer sediments near the ground-
water divide (S29667T and N3355T). Thistrend was
also observed by Aronson and others (1983) in central
Nassau County, by Faust (1963) in central Suffolk
County, and by Perlmutter and Todd (1965) at the
southern shore, whereas relatively high percentages
(up to 25 percent of the heavy-minera suite) are
reported throughout the Cretaceous sediments at
S79407T by Brenda Sirois and others (written
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A. Lignite laminae in Locust Dr. core sample

e —

52 millimeters

B. Lignite from Locust Dr. drill cuttings

150 micrometers

Figure 3. Photographs of lignite from Magothy aquifer,
Suffolk County, N.Y.: A. Laminae or thin beds in split-spoon
core sample. B. Lignite pieces from site LO. C. Secondary
electron image of lignite wood cells from site AD. (Borehole-
site locations are shown in fig. 1.)

commun., 1986). Glauconite typically is absent in the
Matawan Group and Magothy Formation (Magothy
aguifer), but is present in sediments from the site MA
borehole near the southern shore (fig. 1) (Brown and
others, 1999a). Pyrite or marcasite abundancesin the
Magothy aquifer also appear to vary
laterally—borehole samples from near the ground-
water divide contained much lessiron-sulfide minerals

than those from near the southern shore, further along
the ground-water flow path.

Abundances of iron-sulfide minerals and SOM
in the Magothy also vary laterally. At short distances
(4-7 km) from the divide, Magothy sand and gravel are
generally yellow to brown, oxic, and contain little or
no iron-sulfide minerals or lignite, whereas, the fine-
grained Magothy sediments (those with ahigh
percentage of silt and clay) are generally gray and
anoxic (Brown and others, 1999a) and commonly
contained iron-sulfide minerals and lignite. At
distances of 10 to 20 km from the divide, sediments
are more gray, and contain more iron disulfides and
lignite than those close to the divide. Sedimentswith a
high lignite content also had abundant iron-sulfide
minerals. Site LO (fig. 1) had a high content of lignite
and abundant pyrite and marcasite. The sediments at
site LA contained little lignite, except at some depths,
including sample LA1 (147 m below sealevel) which
was 8 percent organic carbon by weight. SamplesLA2
and LA3 contained no SOM (Brown and others,
1999a).

The distributions of other heavy minerals at
boreholes near the divide a so differs significantly
from those at the southern shore along section A-A”".
Garnet and tourmaline are extremely sparsein
Magothy sediments at sites S29776T and N3355T,
near the divide, but are reported throughout southern-
shore deposits (Brenda Sirois and others, written
commun., 1986; Perlmutter and Todd, 1965), whereas
rutile is abundant throughout upper glacial and
Magothy sediments near the divide but israre or
absent in southern-shore deposits. Aluminosilicates
(used herein to refer to kyanite, sillimanite, and
andalusite) were abundant throughout Magothy and
upper glacial coresfrom near the divide (S29776T and
N3355T) but could not be distinguished from one
another by this author using EDS. Kyanite and
sillimanite were reported in high to moderate
abundance in cores from the southern shore, but
andalusite was not. Sheet silicates that are locally
abundant in the Magothy include chlorite, chloritoid,
and amesite; chloritoid and amesite were particularly
abundant in cores from N7377T (fig. 1). Glauconite,
another sheet silicate, is abundant in the Monmouth
greensand and the Gardiners Clay (marine deposits
beneath the southern shore), and in the Magothy
aquifer near the southern shore (site MA) but does not
extend to the northern part of section A-A”. An
indurated, iron-cemented sand was found in a sample
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core samples from borehole S79407T, Suffolk County, N.Y. (Data from Brenda Sirois and others, U.S. Geological
Survey, written commun., 1986; borehole location is shown in fig. 1)
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from 21.9to 23.7 m below sealevel at S91090T on the
southern barrier island. Cementsin part of this sample
aso contained calcium and manganese, as indicated
by microprobe analysiswith EDS, and may be
ankerite; the calcium may have originated through the
upward flow of ground water through the Gardiners
Clay, which contains calcite.

The most abundant heavy mineral near the
divideisleucoxene, an atered iron titanium oxide that
was found throughout the core samples from borehole
S29776T and in samples from N3355T and N7377T.
The leucoxene at these borehol es appears similar to
the “ilmenite” of the Miocene and post-Miocene
formations in southern New Jersey, which is reported
asamixture of ilmenite and ferric and titanium oxides
(Markewicz and others, 1958). SEM analysis of
leucoxene grains from sample N2 at site N7377T
(164.3 to 144.9 m below sealevel) and from N1B at
site N3355T (81.7 to 82 m below sealevel) along
section A-A” have extensive etching that indicates
weathering. Leucoxene from N1 at N3355T, observed
with reflected light and EDS, shows the blocky
structure and dlightly pinkish color of ilmenite, which
was mostly altered to hematite (Donald Lindsley, State
University of New York at Stony Brook, oral
commun., 1995). Abundant leucoxene and ilmenite
also were found aong the southern shore by
Perlmutter and Todd (1965). Brenda Sirois and others
(written commun., 1986) did not distinguish between
the opaque minerals at site S29776T, which include
leucoxene and ilmenite. Zircon was found in moderate
to high abundance throughout the study section, which
includes both Cretaceous and Pleistocene deposits.

Grain size

Heavy minerals near the ground-water divide
typically are concentrated in the very-fine sand and
fine sand fractions of the Cretaceous and Pleistocene
sediments. This distribution has been attributed to
geological, mineralogical, and sedimentol ogical
factors (Rittenhouse, 1943). In central Suffolk County,
the heavy mineral abundance in Pleistocene sediment
has been reported to be greater in sand fractions less
than 0.125 mm (fine sand to silt and clay) than in the
medium and coarse sand fractions (Faust, 1963),
whereas at site S79407T, near the divide, the heavy-
mineral abundance of silt and clay fractions does not
appear to differ significantly from that in sand
fractions. The presence of Fe, Ti, and S peaksin x-ray

fluorescence analyses in south-shore sediments
analyzed by Brenda Sirois and others (written
commun., 1986), and the sulfur percentages (fig. 4),
suggest the presence of both (1) iron oxides or
hydroxides, or (2) TiO, or FeTiO,, such asrutile,
ilmenite, or leucoxene, and (3) pyrite or marcasite, in
silt and clay fractions and in sand fractions.

PYRITE AND MARCASITE IN THE
MAGOTHY AQUIFER

The distribution and morphology of the iron
disulfides (pyrite and marcasite) in the Magothy
aquifer are discussed here because they are
particularly important to the solubility of ironin
ground water (Brown and others, 1999a). The
precipitation of iron-sulfide mineralsin sulfate-
reducing TEAP zones resultsin the removal of sulfate
and iron from solution, given a sufficient supply of an
€electron donor (lignite) for sulfate-reducing
organisms. In oxic zones, however, iron-sulfide
minerals are oxidized, which results in the rel ease of
iron back into solution (Brown and others, 1999a).
Iron-sulfide minerals from the SCWA boreholes (fig.
1) were analyzed for morphology and distribution;
SOM-content data from these boreholes were also
analyzed and compared to previously-collected data
(Brenda Sirois and others, written commun., 1986;
Brown and others, 1999a).

Pyrite, which is the thermodynamically stable
iron disulfide in most anoxic sedimentary
environments, was generally found as crystals directly
on (fig. 3B), within (fig. 5A), or surrounding (fig. 5B)
the wood structure of lignite. Marcasite, whichisa
dimorph of pyrite, was found in interbedded sand as
interstitial cement (fig. 5C), commonly to the point of
virtually eliminating porosity. Pyriteinitially nucleates
on the Fe(11) monosulfide surface but subsequently
nucleates on older pyrite (Schoonen and Barnes,
1991). Fe(11) monosulfides were not observed,
however, in Magothy sediments. Much of the pyritein
these samples may have formed thousands of years
ago, perhaps shortly after deposition of the sediments,
and has been protected against oxidation by its
association with lignite and fine-grained sediments.
Marcasite could form only under the low-pH
conditions (Murowchick and Barnes, 1986) provided
by pyrite oxidation, and, therefore, could form only
after the earliest pyrite had already formed.
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A. Pyrite crystals within lignite at Locust Dr.

5 millimeters

B. Pyrite crystals around lignite at Scuttlehole Rd.

=
- " i

5 millimeters

C. Interstitial marcasite and quartz at Adams Ave.

1 U G
5 millimeters

Figure Figure 5. Photographs of pyrite and
marcasite from the Magothy aquifer in Suffolk
County, N.Y.: A. Pyrite crystals within lignite
from site LO. B. Pyrite crystals in a spheroid
aggregate from site SC. C. Interstitial
marcasite in quartz sand from site AD.
(Borehole-site locations are shown in fig. 1.)

Ground water near the divide generally is oxic,
but localized lignitic, sulfate-reducing zones favor the
preservation and(or) formation of pyrite and
marcasite. Magothy sediments at borehole-site AD
(near the ground-water divide, fig. 1) generally
contained a greater abundance of iron-sulfide minerals
than did those at the nearby borehole at site LA;
probably because site AD contains greater amounts of

SOM, which result in larger sulfate-reducing zones
(Brown and others, 1999a). Etched pyrite and low-pH
pore waters found at the perimeter of these zones
indicate iron-sulfide-mineral oxidation (Brown and
others, 1999a).

Mineralogic and Lithologic Description of Selected
Sediments

The following section presents a mineralogic
and lithologic description of selected sediments
from drill cuttings or core samples from Suffolk
County Water Authority boreholes, with respect to
pyrite and marcasite.

Landscape Drive Cores (Site LA)

Magothy sediments from core sample LA1
(from site LA) were a grayish-black, sandy clay with
laminae of lignitic silt and a 2- x 3-cm piece of pyrite
partly surrounded by dark-gray lignitic clay.
Secondary €lectron images (SEI) of crystals on part of
the pyrite sample show etching (figs. 6A and B),
which indicates pyrite oxidation. Etching of the
octahedral pyrite crystals from this sample (fig. 6B)
appearsto be random, but octahedral crystalsin other
parts of the same sample (fig. 6A) show localized
etching on parts of the crystal. This differential
etching may result from (1) compositional and
structural differences that would cause segregated
etching, or (2) two generations of crystal growth, that
is, aninitial pyrite growth followed by pyrite
oxidation, perhaps brought on by a period of oxidizing
conditions, then further growth of pyrite over the
etched crystals. Oxidation of pyrite generally occurs
on reactive sites of high excess surface energy, such as
grain edges and corners, defects, solid- and fluid-
inclusion pits, cleavages, and fractures (McKibben
and Barnes, 1986).

Adams Avenue Cores (Site AD)

Pyrite was found on lignite and as interstitial
cement in Magothy sediments from site AD at depths
of 110 m, 117 m, and 121 m below sealevel, and
marcasite was found as interstitial cement at depths of
110 m, 117 m, and 118 m below sealevel. Pyrite
crystals from 117.2 m below sealevel, which were
taken 1.5 m above core sample AD1, were etched
(fig. 7A) and, therefore, indicate pyrite oxidation. A
TEAP assay of AD1 sediment, which is a brownish-
gray sand with pockets of light olive-gray, lignitic

Pyrite and Marcasite in the Magothy Aquifer 13



A. Random etching
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Figure 6. Scanning-electron microscope images
showing etched octahedral pyrite crystals from
site LA, Suffolk County, N.Y. (sample LAT;
altitude 146.9 meters below sea level):

A. Random etchings. B. Localized etching.

sandy clay, showed that no reducing bacteria were
present (Brown and others, 1999a). The etched pattern
appearsto be random (fig. 7A), similar to that at site
LA (fig. 6A), and may reflect the lignite surface over
which the pyrite formed. The low pH of pore water
downgradient from zones of pyrite oxidation (Brown
and others, 19994) is conducive to the formation of
marcasite. Etching was not observed on other iron-
sulfide minerals from this borehole, including
marcasite- and pyrite-cemented sand (fig. 5C) at
110 m below sealevel; thisindicates the presence of
localized redox microenvironments. The marcasite
cement at 118 m below sealevel (fig. 7B) had platey
crystals (fig. 7C) that show parallel growth steps
(fig. 7D). Marcasite- and pyrite-cemented lignite and
sand at 117 m below sealevel contained marcasite
crystals that showed cockscomb growth (fig. 7E).
Part of this sample had ared coating that could be a

ferric hydroxide mineral, which would indicate
locally oxic conditions.

Locust Drive Cores (Site LO)

Magothy coresfrom site L O contained abundant
lignite and pyrite associated with clay lenses. At many
depths, much of the sand between clay lenses was
cemented with marcasite. The repetitive occurrence of
pyritein the clay lenses, and of marcasite in the sand
between the clay lenses, suggests that pyrite was
oxidized from the clays and reprecipitated as
marcasite in areas of low pH (Brown and others,
1999a). Pyritein clays deficient in oxygen, can be
oxidized by Fe(l11), which is soluble in pore waters of
low pH (<3) and reacts with pyrite faster than oxygen
(McKibben and Barnes, 1986; Moses and others,
1987; Brown, 1998). SEI images of pyrite and
marcasite from the LO site show cubo-octahedral
pyrite crystals (fig. 8A) that have grown inside the
remnant wood cells, and octahedral pyrite crystals
(figs. 8A and 8B) that have grown over the lignite and
cubo-octahedral pyrite. The presence of iron-sulfide
minerals within isolated or “ closed”
microenvironments devoid of iron, such aswithin
wood cells (fig. 8A), suggests that significant amounts
of iron may be present as sulfide complexesin solution
(Rickard and others, 1995). Platey marcasite crystals
similar to those found at site AD (figs. 7B, C, D) were
found in sediments near the pyrite at 163.5 m below
sealevel.

Margin Drive Cores (Site MA)

Iron-sulfide minerals at site MA near the
southern shore in Suffolk County (fig. 1) were present
in clayey lenses as pyrite grains and pyritized lignite,
and in sandy beds asinterstitial pyrite and marcasite
cement, as in the cores from site LO midway between
the ground-water divide and the shore. Most of the
cement consisted of pyrite, but x-ray diffraction
analysis of iron-sulfide-cemented lignite from
sediments from 117 m below sea level indicated
mostly marcasite with some pyrite. The presence of
marcasite at this depth suggests the marcasite formed
in alow-pH environment that probably resulted from
pyrite oxidation. Given the oxic conditions that are
generally found at that great a distance from the
divide, oxidation of pyrite may have occurred through
reduction of Fe(l11) oxyhydroxides, or aternatively, a
period of anoxic conditions may have resulted from a

14 Heavy Minerals and Sedimentary Organic Matter in Pleistocene and Cretaceous Sediments on Long Island, New York
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risein sealevel during the Pleistocene (Brown, 1998).
SEI of the sample shows cockscomb-growth marcasite
crystals overgrown with smaller crystals of octahedral
pyrite (fig. 9A); this suggests two generations of
growth, wherein the change from marcasite to pyrite
growth indicates an increase in pH of pore water.
Other parts of the same sample contained mostly
pyrite, and crystals were octahedral, cubo-octahedral
(fig. 9B), and in framboidal aggregates (fig. 9C). The
presence of framboidal pyrite among octahedral pyrite

B. Interstitial marcasite cement

Quartz
grains

D. Parellel growth steps of platey marcasite crystals
(higher magnification of C)

Parellel growth steps =

47 microns

Figure 7. Scanning-electron microscope images of
iron-sulfide minerals from site AD, Suffolk County,
N.Y.: A. Etched octahedral pyrite crystals from 117.2 m
below sea level. B. Interstitial marcasite cement.

C. Platey marcasite crystals in marcasite cement.

D. Parallel growth steps of platey marcasite. E.
Cockscomb marcasite from 117 m below sea level.
(Borehole-site location is shown in fig. 1.)

crystals suggests that they were formed from alocal,
reactiveiron source (Raiswell, 1982). Cubo-octahedral
pyrite crystals on another part of the same sample are
poorly formed (fig. 9B), and pits on the surface
probably represent an incomplete growth layer.

Pyrite growth on lignite surfaces generally is
octahedral; backscatter electron imaging (BEI) of a
sample from 176 m below sealevel at site MA (fig. 1)
shows octahedral pyrite growth directly on a“twig” of
lignite (fig. 9D). SEI of alarge (50 mm) sample of
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Figure 8. Scanning-electron microscope
images of samples from site LO, Suffolk County,
N.Y.: A. Pyrite crystals and lignite wood-cell
structures. B. Octahedral pyrite crystals.
(Borehole-site location is shown in fig. 1.)

cubo-octahedral pyrite from 167 m below sealevel
shows unusual secondary nucleation and growth
features (fig. 9E) that are found in galena. Iron-sulfide
cements at other depths (136, 141, 145, 154, and 176
m below sealevel) consisted of pyrite and completely
filled the pore spaces of sand at several depths.

L eucoxene, chlorite, and glauconite commonly were
found in association with iron-sulfide cement and may
be sources of iron for the formation of iron-sulfide
minerals. The extractable-Fe(11) content of sediment
from MA1, from 142 m below sealevel, was high (80
pmol/g) and may be derived from iron-bearing clay
minerals that were found in this core sample, such as
glauconite (fig. 9F) or chlorite (Brown, 1998). Sample
MAJ3, from 176 m below sealevel, had a 5-cm-thick
piece of pyrite-cemented sand near itstop. Iron-sulfide
samples from depths of 117 m and 175.6 m below sea
level (core MA3) consist of amatrix of sand-sized
grainsthat include quartz, lignite, and leucoxene (iron

titanium oxide) cemented with pyrite (fig. 12). The
locally abundant leucoxene may be an iron source for
the formation of pyrite.

Moriches-Riverhead Road Cores (Site MO) and
Scuttlehole Road Cores (Site SC)

Iron-sulfide mineral cement in Magothy cores
from site MO, near the ground-water divide in eastern
Suffolk County (fig. 1), ranged from mostly pyrite
with a small amount of marcasite at 120 m below sea
level, to soft, poorly crystalline marcasite cement with
stalactite-shaped crystals (fig. 10) at 197 m below sea
level. Marcasite from a cemented-sand sample from
site AD had a similar, soft consistency.

Cubic pyrite “balls’ (fig. 5B) were abundant in
Magothy sediments from site SC, on the South Fork of
eastern Suffolk County (fig. 1). Interlocking cubic
{100} crystalswere aobserved on the outer surface (fig.
11A, 11B). A section through the center of the pyrite
ball shows elongate, wedge-shaped crystals radiating
from the center (fig. 11C, 11D). Small lenticular
pieces of lignite near the center of the ball (fig. 11C)
appear to represent the substrate around which the
pyrite nucleated.

Mineral Reactivity

Mineral reactivity isan important factor in
ground-water chemistry. Iron-bearing minerals such as
ferrihydrite (poorly ordered ferric oxyhydroxide),
goethite, hematite, glauconite, and chlorite are more
reactive than minerals such asilmenite, garnet, augite,
and amphibole (Canfield and others, 1992). Chlorite
contains abundant iron and may be an important
source of iron in the Magothy aquifer. Glauconite
probably weathers to goethite (Wolff, 1967) as
indicated by the high concentrations of cations and
silicain ambient ground water (Brown, 1998).
Amorphous ferric oxyhydroxide or poorly ordered
ferric oxyhydroxide (ferrinydrite) are considered to be
reactive or microbially reducible (Chukhrov and
others, 1973; Lovley and Phillips, 1986a), whereas
other iron forms, including hematite and magnetite,
are not readily reducible (Lovley and Phillips, 1986b)
but could be biomineralized by dissimilatory iron-
reducing bacteria (Caccavo, 1999), or slowly reduced
by Fe(l11)-reducing organisms in systemsin which
decomposition of organic matter is dominated by
sulfate reduction or methane production (Lovley,
1987). Leucoxene grainswerelocally abundant iniron
sulfide-cemented sand from 117.4 m below sealevel at
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southern-shore site MA and probably represent an
iron source for the formation of iron-sulfide minerals.
Wavel ength-dispersive-spectrometry maps of the
distribution of aluminum, titanium, iron, and sulfur
show iron-bearing minerals among quartz and lignite
grainsthat are surrounded by pyrite cement (fig. 12).

A. Marcasite and pyrite

C. Framboidal and octahedral pyrite

Framboidal pyrite

Octahedral pyrite

60 microns

E.Cubo-octahedral pyrite

|86 microns |
Figure 9. Scanning-electron microscope images of samples from site MA near the southern shore of Suffolk
County, N.Y.: A. Cockscomb-growth marcasite crystals overgrown with smaller crystals of octahedral pyrite. B.

Cubo-octahedral pyrite crystals. C. Framboidal pyrite. D. Octahedral pyrite on lignite. E. Cubo-octahedral pyrite.
F. Glauconite. (Site location is shown in fig. 1.)

L eucoxene and chlorite are among the iron-bearing
mineralsidentified by EDS and may represent a
reactive source of iron for the formation of the pyrite
cement. Much of the leucoxene is associated with
TiO, (probably rutile). The low concentrations of
sulfide in Magothy ground water, despite the high

B. Cubo-octahedral pyrite

D. Octahedral pyrite on lignite
J THRiE F

Lignite
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12 microns

Figure 10. Scanning-electron microscope
image showing poorly crystalline marcasite
cement with stalactite-shaped crystals from
site MO, Suffolk County, N.Y. (Location is
shown in fig. 1.)

concentrations of sulfate and the predominance of
sulfate-reducing TEAPS, suggest that sulfides
generally react rapidly enough with iron to form iron-
sulfide minerals.

The high percentage of iron-sulfide cement
(about 50 percent) in the sample from site MA (fig.
12) suggests that the initial porosity of the sediment
(immediately after deposition) was high relative to the
current average porosity of Magothy aquifer sediments
(25 to 30 percent; McClymonds and Franke, 1972).
Therefore, this pyrite may have formed during early

diagenesis, before compaction by overlying sediments.

Local variations in the concentrations of Fe(l11)
oxyhydroxides at site MA suggest that localized
abundance of microbially available Fe(l11) promote
the activity of iron-reducing bacteria (IRB).

L eucoxene also may provide alocal source of Fe(l11)
for IRB. Fe(I1l) in core sediments from MA4 was
reduced in the laboratory after the sediments were
inoculated with an iron-reducing organism (strain
MD-612) and amended with acetate; thisindicates that
Fe(I11) coatings in these Magothy sediments are
available to the indigenous microbia population, and
that the activity of the IRB islimited by the amount of
electron donor (organic carbon) available, and not by
the availability of Fe(ll1) (Brown and others, 1999a).

SUMMARY AND CONCLUSIONS

The types of iron-bearing minerals and their
distribution within an aquifer system are important
factorsto consider for the study of iron geochemistry
and the causes of biofouling and encrustation of wells.

A. Pyrite ball

Figure 11. Cubic pyrite from site SC,
Suffolk County, N.Y.: A. “Ball,” about 1
centimeter in diameter. B. Interlocking
cubic {100} crystals in surface of “ball.”
C. Section of “ball” showing wedge-
shaped crystal radiating from the center.
Arrows near center indicate lenticular
lignite pieces. D. Magnified image
showing the internal radial texture of thin
section depicted in fig. C. (Borehole-site
location is shown in fig. 1.)
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Figure 12. Wavelength-dispersive spectrometry maps showing the distribution of selected elements associated with iron-
bearing minerals and rutile among quartz grains surrounded by pyrite cement from site MA site near southern shore of Suffolk
County, N.Y. (Location is shown in fig. 1).
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The lateral distribution of iron-bearing and other
heavy minerals within lithologic unitsis not uniform
throughout Long Island, or even along the study
section on the Nassau-Suffolk County border.
Mineralogy and mineral abundance in Pleistocene
units differs from those in Cretaceous units, and some
of the trends vary with depth as well as from north to
south. Upper Pleistocene sediments along the section
contain more unstable rock fragments and minerals,
such as garnet and iron oxides, than the Cretaceous
deposits, which contain abundant muscovite,
staurolite, pyrite or marcasite, and chloritoid. Borehole
samples from oxic zones (near the ground-water
divide) contain less pyrite or marcasite than those from
boreholes in anoxic zones (near the southern shore,
farther along the ground-water flow path) because
iron-sulfide minerals are less likely to be preserved or
formed under oxic conditions. Glauconite is abundant
in the Monmouth greensand, the Gardiners Clay, and
in parts of the Magothy aquifer that are marine or
transitional-to-marine deposits beneath the southern
shore but is absent in the northern part of the study
section. Heavy minerals are typically concentrated in
the very-fine sand and fine-sand fractions of
Pleistocene and Cretaceous sediments.

Leucoxene, iron oxyhydroxides, glauconite,
chlorite, pyrite, and marcasite were the most abundant
and potentially reactive of the iron-bearing minerals
detected, with the exception of Fe(l11) oxyhydroxide
grain coatings. Ferric oxyhydroxide coatings on
sediment grains are an important sink as well, but
other more highly crystalline Fe(l11)-bearing minerals
may also be biomineralized in anoxic environments by
Fe(I11)-reducing organisms. Leucoxene was observed
in relatively large abundance throughout Long Island
sediments and may represent an important iron source.
Iron sulfidesareamagjor iron sink for dissolved ironin
the Magothy aquifer and can be a source of dissolved
iron through oxidative dissol ution.

Some microbial and geochemical environments
can be inferred from the presence and morphology of
pyrite or marcasite. Pyrite was generally found in
association with lignite or as interstitial cement.
Marcasite was found as interstitial cement and
presumably is associated with oxidation of upgradient
iron-sulfide minerals. Pyrite crystals were octahedral,
cubic, cubo-octahedral, and framboidal, and some
specimens showed more than one generation of crystal
growth. Marcasite cement, which in most samples
consisted of platey crystals, probably formsonly at the

low pH range of honmarine conditions. Iron-bearing
mineralsin the aquifer system, therefore, can be both a
source and a sink for dissolved iron in ground water
and their distribution along the flow path can affect the
extent of iron-related biofouling.
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